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1. An improved procedure for the isolation of neurosecretory granules from the posterior lobe of the bovine pituitary gland is described. 2. Of the total oxytocic and pressor activities present in the original tissue 80% was sedimentable. 3. The granules-were separated from mitochondria by prolonged centrifugation in a sucrose density gradient. During a sedimentation period of 5hr. the granules moved progressively into denser regions of the gradient and the mitochondria remained at the top. 4. The biological activities of the granules were measured: the oxytocic activity was 11 56 + 163 and the pressor activity was 15-60 + 391units/mg. of protein. 5 We recently reported the isolation on a sucrose density gradient of bovine pituitary neurosecretory granules free from lysosomes and mitochondria (Dean & Hope, 1966 . The soluble proteins present in a lysate of the granules consisted mainly of two constituents separable by electrophoresis in a starch gel. From these two are derived the complex mixture of proteins present in neurophysin  Dean, Hollenberg & Hope, 1967) .
The isolation of the native neurophysins from purified neurosecretory granules was not possible because of the small yield of granules obtained. It was assumed that the granules would reach their equilibrium position in the sucrose gradient within lhr. However, because of the size of the granules (diameter 0 143,u) revealed in the electron microscope, the possibility has been considered that such small particles would not have reached equilibrium under the conditions used previously . We now wish to report the results of experiments where neurosecretory granules have been centrifuged in sucrose density gradients at 145000 gmax. for periods of up to 5 hr. The results obtained have led to a method for the preparation of neurosecretory granules on a large enough scale to permit the isolation of the salt-precipitable fraction from the soluble proteins released by lysis in hypo-osmotic solutions. This protein fraction has been compared in a number of ways including amino acid analysis with neurophysin-I and -II, isolation of which from acetone-dried bovine pituitary posterior lobes has been described in the preceding paper (Hollenberg & Hope, 1968 
MATERIALS AND METHODS

Biological materials
The experiments were performed on the pituitary glands of adult cattle of both sexes. The preparation of homogenates of the posterior lobes and the fractionation by differential and density-gradient centrifugation were done by the procedures described previously . In some experiments where the tissue was homogenized at a rotor speed of 950rev./min., a fraction referred to as fraction II+III was collected by centrifuging the 1:10 cytoplasmic extract for 543000g,,,.-min. Fraction II+ III was resuspended in 0-30M-scurose and made up to 6-0 ml.
Analytical procedures
Protein. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) with bovine serum albumin as a standard.
Fumarase. Fumarase was determined by the method of Racker (1950) . The reaction was carried out in a total volume of 3-Oml., containing 0-05M-sodium L-malate and 0-05M-potassium phosphate, pH7-4. The increase in E240 was followed against a blank containing all the components present in the assay tube except the L-malate. The fumarase activity was determined at room temperature.
Acid phosphatase. Acid phosphatase was measured at 370 by the method of Gianetto & de Duve (1955) . After 1 hr. the reaction was stopped by the addition of cold 10% (w/v) trichloroacetic acid. Precipitated protein was removed by centrifugation and inorganic phosphate was determined in the supernatant by the method of Chen, Toribara & Warner (1956) .
It was always verified that the measured activities were proportional to both enzyme concentration and incubation time.
Biological assays. All samples to be assayed for hormonal activities were made 0-25% (v/v) with respect to acetic acid and heated in boiling water for 5min. Insoluble material was removed by centrifugation. The clear supernatants were assayed for pressor activity by the method of Dekanski (1952) by using male albino rats anaesthetized with urethane and treated with dibenzyline. Oxytocic activity was assayed by the method of Holton (1948) with a Mg2+-free solution suggested by Munsick (1960 Bangham & Mussett (1958 Preparation of soluble proteins from subcellular fractions. Neurosecretory granules prepared by density-gradient centrifugation were extracted overnight with 0.1 N-HCl ) at 4°. The insoluble material was removed bycentrifugation at 108000gm,.-min. The supernatant was removed and neutralized to pH 7 0 with 4 N-NaOH, clarified by further centrifugation and adjusted to pH3-9 with 0-1w-HCl. NaCl (1g./lOOml.) was added to the supernatant and the mixture was gently stirred overnight at 40 with a view to precipitating a protein-hormone complex. The precipitate was collected by centrifugation as before, the supernatant was removed and the sediment was dissolved in 0-1N-formic acid. The solution was submitted to chromatography on a column of Sephadex G-75.
Electron microscopy. Pellets obtained by centrifuging fraction II+III through a sucrose density gradient were fixed by resuspension in 1% (w/v) osmic acid buffered with veronal-acetate to pH 7*4 and having a sucrose concentration of 0-8M. After standing for 1 hr. in an ice bath, the fixed material was transferred to a conical centrifuge tube as described by Baudhuin, Beaufay & de Duve (1965) , and centrifuged at 100000gr,,.. for 1 hr. at 4°. Samples were taken at various levels in the conical pellet and dehydrated with ethanol. The dehydrated sediments were then prepared for electron microscopy by Dr M. Fillenz in the Department of Physiology, University of Oxford.
Amino acid analyses. Amino acid analyses were performed in an automatic amino acid analyser (Evans Electroselenium Ltd.), by the method of Spackman, Stein & Moore (1958) . Samples of protein (2-6mg.) were hydrolysed in constant-boiling HCI for 17hr. at 1100 as described by Crestfield, Moore & Stein (1963) . Extraction of soluble proteins from individual gland8.
Individual pituitary posterior lobes were minced and homogenized in 2-Oml. of gel buffer, 2-7mM-citric acid, 14-4mM-tris, 2-OmM-LiOH and 7-6mM-boric acid, pH8-1, in a 5ml. glass homogenizer with a tightly fitting Teflon pestle. The homogenates remained overnight at 40 and were 1968 566 then centrifuged for 1 hr. at 36 190g=,^, The clear strawcoloured supernatant was pipetted off and 50 pl. was submitted to starch-gel electrophoresis.
RESULTS
The distribution of protein, enzymic activities and hormonal activities among the four subcellular fractions have been reported previously . It was also shown that when fraction III was centrifuged through a sucrose density gradient that began at 1-3 M-sucrose the mitochondria remained at the top whereas 30% of the neurosecretory granules entered the gradient. The granules, which were detected by the presence of oxytocic and pressor activities, were found at a position having a density greater than 1-40 Msucrose. To establish whether the granules had reached an equilibrium position, granules were centrifuged for several hours in a continuous sucrose gradient beginning at 1-3 M-sucrose.
Centrifugation in a continuous non-linear sucrose density gradient. (a) Fraction III. A sucrose density gradient was prepared by placing 0-2 ml. of 2-0M-sucrose in a centrifuge tube and layering 0-5ml. of each of 1-80M, 1-70M, 1-60M, 1-55M, 1-50 M, 1-45 M, 1-40 M, 1-35 M and 1-30 M solutions of sucrose over each other and keeping them for 18 hr. at 4°. The composition of the gradient was determined by estimating the density of subfractions collected by piercing the bottom of the tube (see the Materials and Methods section). Portions (0-5 ml.) of the resuspended fraction III were layered over each of three gradients and centrifuged at 145 000 gmax. for 1 hr. in one experiment and for 5 hr. in a second experiment. Subfractions each consisting of 7 drops were collected from the gradient run for 1 hr. and of 5 drops from the gradient run for 5 hr. The corresponding subfractions from the three gradients used for each experiment were combined. Fig. 1 shows the distribution of pressor and fumarase activities in the two experiments. Fig. 1(a) shows the distribution of pressor activity in the gradient after centrifugation for 1 hr.: the pressor activity was concentrated in the upper half of the gradient with a density equal to or less than 1-19 g./ml. In contrast with this, after 5hr. centrifugation (Fig. le) the pressor activity showed a bimodal distribution. Most of it was found in the lower half of the gradient in a region of density greater than 1-19 g./ml., with a peak at 1-22 g./ml.
Figs. 1 (b) and 1 (f) show the distribution of fumarase activity after 1 hr. and 5 hr. respectively. The additional 4 hr. centrifugation did not appear to have altered the distribution of this enzyme. These results suggested that the mitochondria had reached an equilibrium position in the density gradient within 1 hr. whereas the neurosecretory granules had not. To establish whether the position of the pressor activity (neurosecretory granules) in the gradient was determined entirely by the total g-min. accumulated during the centrifugation, a similar experiment was carried out in the SW50 rotor at 290000gmax. for 2-5 hr. Theg-min. accumulated in this experiment was the same as that in the previous experiment with SW39 head run for 5 hr. but the time was halved. The distribution of pressor activity and of fumarase found in the subfractions are shown in Figs. 1(c) and 1 (d) respectively; that of fumarase was not significantly different from the previous experiments (1 hr. or 5 hr.) and the pressor activity showed again a bimodal distribution. However, the largest peak had reached a position only mid-way between the positions after lhr. and 5 hr. Thus even though the gradients that had been centrifuged for 2-5 hr. had accumulated the same total g-min. as those centrifuged for 5 hr., this result indicates that the position of the vasopressincontaining neurosecretory granules in a sucrose density gradient is a function not only of the centrifugal force but also of the length of time that they remain in strongly hyperosmotic sucrose solution. Fig. 2 . The specific activities of the hormones in the four subfractions from the gradient are presented in Table 2 .
Electron microscopy. Subfraction D was prepared for electron microscopy as described in the Materials and Methods section. The conical pellet formed after fixation and centrifugation had two regions that were visually distinct. The lower section accounted for only a small proportion of the total volume of the pellet. The heterogeneity of this section is demonstrated by the presence of mitochondria, neurosecretory granules, large dense bodies, pinched-off nerve-ending particles and amorphous material.
Isolation of neurophysin from neurosecretory granules. Subfraction D was collected from three separate experiments and extracted with -0 1 -hydrochloric acid as described in the Materials and Methods section. The pooled fractions contained 44-1 mg. of protein, 461 i.u. of pressor activity and 415 i.u. of oxytocic activity. The acid-insoluble protein (7-6mg.) and the protein that was insoluble in neutral solution (3.4 mg.) together accounted for 26.5% of the total protein recovered. The supernatant was freeze-dried and submitted to gel filtration on a column of Sephadex G-75 in 0*1N-formic acid. Small amounts of protein began to emerge with the void volume though most emerged as a symmetrical peak between approximately 250 and 300 ml., indicating that the material had a molecular weight < 50000. After a further 70 ml. of effluent, a small peak of Folin-positive material was observed. This was shown to contain 472 i.u. of oxytocic and 494 i.u. of pressor activity; the recovery of the former was 115% and of the latter 108%.
The protein was recovered from the contents of the peak tubes after pooling and freeze-drying. The material (21-4 mg.) was free from pressor and oxytocic activity and accounted for 62% of the soluble protein present in neurosecretory granules.
On electrophoresis in a starch gel, two main bands and a third faint band could be seen. The neurophysin in the granules was associated with 19-4 i.u. of oxytocic and 21 -1 i.u. of pressor activity/mg. The electrophoretic mobilities of the two main protein components were identical with those of the major soluble proteins of pure neurosecretory granules (Dean & Hope, 1966 and of extracts of acetone-dlried bovine pituitary posterior lobes prepared in 01lw-hydrochloric acid ). The intensity of the stain indicated that the two major constituents described in the preceding paper (Hollenberg & Hope, 1968) Beaufay, 1959) . Neurosecretory granules have a diameter somewhat less than a quarter of that of mitochondria and presumably a much smaller sedimentation coefficient. Consequently a much greater centrifugal force would be required to bring neurosecretory granules to equilibrium than would suffice for mitochondria. This is supported by the fact that after centrifugation at 145 000gmax for 1 hr. the granules were found at a density of 1-18 whereas after 5hr. they had equilibrated at a density of 1.22g./ml. However, this behaviour of the granules is not merely a function of their size; when centrifuged at 290 000gma. for 21hr., the granules were found in an intermediate position, i.e. the duration of centrifugation is also important. This could be explained by an increase in sedimentation coefficient of the granules during centrifugation owing either to a rate-limiting movement of sucrose into the granules or to a progressive dehydration. Either effect could be brought about by exposure of the granules to hyperosmotic sucrose solution in the density gradient. Mitochondria have been shown to undergo dehydration when exposed to high concentrations of sucrose (Beaufay & Berthet, 1963) . The neurosecretory granules are characterized by a slow rate of change in sedimentation coefficient during exposure to hyperosmotic sucrose solutions.
The hormonal activities remaining at the top of the gradient are almost certainlypresent in pinchedoff nerve endings or neurosecretosomes, a term recently used by Bindler, La Bella & Sanwal (1967) . Gentle homogenization of guinea-pig brain tissue causes nerve-ending particles to be pinched-off (De Robertis, Pellegrino de Iraldi, Rodriguez & Gomez, 1961; Gray & Whittaker, 1962) . The structures, known as synaptosomes, have been purified by centrifugation in a density gradient where they equilibrate between 0-8 M-sucrose and 1 2 M-sucrose. Similar structures have been obtained from bovine pituitary posterior lobes (Ishii et al. 1962; La Bella & Sanwal, 1965; Bindler et al. 1967) by sedimentation at approximately 60 000g-min. The homogenization procedure was designed to release as many granules from the neurones as possible; however, any surviving neurosecretosomes would be sedimented by 87 000g-min. in fraction II. During density-gradient centrifugation, the neurosecretosomes would remain at the top of the gradient. By contrast, fraction III would be free from neurosecretosomes; in fact, little hormonal activity remained at the top of the gradient when this fraction was centrifuged for 5 hr.
The enzyme acid phosphatase is normally localized within lysosomes, but a bimodal distribution of this activity resulted when either fraction II or fraction III was centrifuged in a density gradient. To explain the bimodal distribution, 571 Vol. 106 information about the distribution of other typical lysosomal enzymes, e.g. ribonuclease and deoxyribonuclease, will be necessary.
The differences in the distribution of oxytocin and vasopressin in a sucrose gradient confirm the suggestion of La Bella et al. (1963) and of Barer, Heller & Lederis (1963) that the hormones are stored in separate granules. La Bella and his co-workers reported that bovine granules containing vasopressin equilibrated at a higher density than those containing oxytocin. Although granules containing only one hormone have not yet been isolated, this possibility is especially interesting because of recent evidence for the separate release of the two hormones (Gaitan, Cobo & Mizrachi, 1964; Bisset, Hilton & Poisner, 1967) . The observations can only be reconciled with the all-or-none nature of neuronal stimulation provided that two sets of neurones exist, one containing principally oxytocin.
The electron micrographs of subfraction D showed that it consisted primarily of spherical granules having an average diameter of approximately 150 m,u, varying widely in electron densities. Most of the soluble protein extracted from neurosecretory granules was in a fraction of low molecular weight <50000. Electrophoretic and amino acid analyses showed that it consisted of a mixture of neurophysin-I and neurophysin-II in equal proportions. The composition of the granules revealed approximately 20 units of pressor and of oxytocic activity/mg. of neurophysin (I plus II), corresponding to proportions 1 mole of oxytocin: 1 mole of vasopressin: 1 mole of protein. A comparison of this result with the results obtained by analysis of the complexes of neurophysin-I and -II with oxytocin and vasopressin (see Hollenberg & Hope, 1968) reveals that not all the binding sites for polypeptides on the proteins are utilized in the neurosecretory granule.
The fact that neurophysins make up only 50% of the total granule protein probably accounts for differences between the amino acid composition of the granules and that of the so-called van Dyke protein reported by La Bella, Vivian & Bindler (1967) .
The finding of two similar hormone-binding proteins in bovine neurophysin is reminiscent of the occurrence of isoenzymes.
Neurath and his co-workers reported that the amino acid in the antepenultimate C-terminal position of bovine carboxypeptidase Aa could be either leucine or valine, giving rise to two distinct species of enzyme (isoenzymes). The two proteins occurred either separately or together in an individual animal (Walsh, Ericsson & Neurath, 1966) . The distribution of the two species of enzyme among 13 animals was consistent with an equal occurrence of two allelomorphs in the general population. The finding of neurophysin-I as well as of neurophysin-II in the pituitaries of all 15 individual animals studied in the present work is strong evidence that the two proteins do not occur separately. This investigation has shown that the hormones of the pituitary posterior lobe, oxytocin and vasopressin, are stored in neurosecretory granules in association with two similar proteins, neurophysin-I and neurophysin-II.
